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ABSTRACT

We present new HST/WFPC2 imagery and STIS hmg-slit st)ectroscopy of

the planetary nebula N(]C 7009. The l)rimary goal was to obtain high spatial

resoluti(m of the intrinsic line ratio [O III] 4364/5008 and thereby evaluate the

electron t(,mperature (7_) and the fractional mean-square T_ variation (t_) acro,s.s'

l,h,e nebula. The WFPC2 7_. real) is rather uniform; ahnost all values are I)etween

9000 -- 11,000 K, with the higher T_s closely coinciding with the inner He++-zone.

The results indicate, very small values <0.01 for t_ throughout. Our STL

(lata allow an even more direct determination of T_, and t "e- "A, albeit for a much

smaller area than wit|, WFPC2. We present results from bimung the data along

the slit inlo l,i]es that arc' 0.5" square (matching the slit width). The average

[() Ill| teml)crature using d5 tiles (excluding the central star and STIS fiducial

l)ars) is 1(),13q K; t_ ix 0.0035. The remarkably h)w values measured for t_

arc a signJ[i(:_ml new find. However, these pertain to only 2-dimensions. The

observations here do not address 7_ fluctuation ahmg the lift(', of sight. Because

each elem(mt, ()t" area treated in the t)lanc of the sky represents a column which

has already (:reared a spatially averaged temperature ahmg the ]in(; of sight, il is
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likely that the value for the fractional mean-square 7_ variation in 3-dinmnsions

(t_,) is substantially higher than t_. Measurements of tile [fractional] mean-

square 7; variation ahmg the line of sight (t 2) are needed to reliably measure t_:.

Even with our determination of very low values for t 2A, we cannol rule out the

possibility that temperature fluctuations may explain for NGC 7009 the large

discrepancy between heavy element abundances inferred from emission lines that

are collisionally excited compared with those that are due to recombination lines.

Subject heading,s: ISM: planetary nebulae ISM: almndanees - ISM: atoms-

ISM: individual (NGC 7009)

1. INTRODUCTION

Mo_t observatitmal tests of the chemical evolution of the universe rest on emission line

o/)jects; these define the en(ll)oints of stellar evolution and l)robe the current state of the

interstellar medium. Gaseous nebulae are lal)oratories for understanding physical processes

in all emission-line sources, and probes for stellar, galactic, and primordial mmleosynthesis.

There is a flmdamental issue that continues to be problematic the discrepancy be-

tween heavy element abundances inferred fl'om emission lines that are collisionally excited

compared wil,h those due to recombination/cascadil,g, th('. so-called "recombination lines".

Studies of planetary nebulae (PNs) contrasting recombination and collisional almndam:es

(Liu eta[. 1995, Kwitter & Henry 1998) often find differences exceeding a factor of two. In

an extensive study of NGC 6153, Liu et al. {2000) found that C++/H +, N++/H +, O++/H +,

and Ne++/H + ratios derived fi'Oln optical recombinalAon lines are all a factor of ,--10 highe.r

than the corresl)(m(ling values deduced fl'om collisionally-excited lines. Abundances deter-

mined from these two methods disagree by a factor larger than the st)read of abundances

used I.o (letermine such fundamental quantities as Galactic almndance gradients (e.g., Shaver

et al. 1!183; Simpson el. al. 1995; Henry & Worthey 1999).

Most of the etlbrl,s to explain l,he abundance lmzzle l)etween collisicmal and recombi-

nat, i(m values have atteml)ted to do so by examining electron temperature (7_:) variations

in the plasma. This is often done, using the R)rmalism of Peimbert (1967), in terms of (.he

[flactio, al] mea,-square variation (t 2) of T_. The inferred metallicity obtained by using the

usual (optical/UV) fol'bidden lines is very sensitive to T_ (exponential) and 12. On the other

hand, recombination lines are rather insensitive to T,, and t _. Agreemem close to the higher

rccombinathm vallle can be' forced in the derived abundance by attributing the ditti',rence, t.o

(solving for) t 'J. l,et us consider the case of the PN NGC 7009, also km)wn as the "Sat.urn
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Nebula";its imageproducedbvBalicket al. (1998)fiom WFPC2datahasgracedthecover
of (:o[t_.'e-tableb(mks(Petersen& Brandt 1998). NGC 7009hasstood near the centreof
the abundancescontroversy.It, haslong beenknownthat its recombinationlinesarevery
strong,particularly thoseof () II. Liu et al. (1995)foundthat the recombinationC, N, and
() abundancesarea factorof :--5 larger than the corre_sponding collisional abundances. This

was recently fimnd to 1)e the case also for neon (Luo, Liu, & Barlow 2001). One possible

reconciliation of these two drastically different abundances, which Liu et al. (1995) discuss,

is to invoke large t/. For oxygen in NGC 7009, by invoking t2 _ 0.1, agreement can be forced

in the abundance (lerive(I from optical lines close to the higher recombination value a value

more than 2.5 times larger than l,he solar O/H of 7.41x10 -4 ((]revesse & Sauval 1998). Sllch

a large tu is not, at all predicted by current theory/models (e.g., Kingdon & Ferland 1998).

The current, unsettled situation has led to efforts to broaden tile study to include ot,her

variables besides 7_ _,o analyse tile effects upon abundance &;terminations. One promising

avemm is I,o examine this considering density variations, abundance variations, aim 7", vari-

at, ions in combinat, ion. Liu et al. (2000) took this approach in their investigation of the PN

NGC 6153 wit, h a two-phase empirical model. Recall this object has even more disparate

al)undan(:e (litf¢wences (factor of _10) than does NGC 7009. Pdquignot et al. (2002) contin-

ue(l 1,he study using l)hotoionization models including two coml)onents with different heavy

element abun(lam:es. Basi(:ally, one t)hase is small, dense, ionized cluml)S that are highly

enhanced in heavy elements and deficient in hydrogen. This 1)base woul(l have 7_ _1() :_ K

and (:ontribut(_ aln)()sl all the heavy element recombination line emission. These clumps are

embed(l(_(l in the second t)hase which has the more usual nebular properties/comp(_sition,

with T_ _l('l 4 K, and which is responsible for almost all the emission in the optical/U\:

('()llisionally excit,ed lines. Tile lallcr l)hase coral)rises tile great bulk of the nebular mass.

There is ongoing work l)y this same group to try to explain other PNs of this kind, including

t}m (_ala(:tic bulge I)N M l-d2, which has a factor of ,--,20 abram(lance dichotomy (Liu et al.

2001 ) and Hf 2-2. whi(:h has the most extreme abundance difference to (late, a factor of :,-80

(Liu 2002).

In {;his t)al)m', w('. focus solely on T_ variations with the purpose to test; whellmr the

()l)s(wval, i()nal dat,a support the possibility that t '_ in NGC 7009 may be as large as _0.1.

[n section 2, we 1)resent the HST observations and data reduction l)ro(:edures. Section 3

descril)(_s our te(:hniques for ot)taining emission line fluxes from the WFPC2 data an(l how

we use cospatiaI STIS data to help this process. In section 4, there is a discussion and

analyses of extinction. We determine the electron teml)erature distril)utions in section 5. In

se(:tion 6, we analyse the 7_ distributions in terms of average temperatures and fractional

m(,,an-s(luar(_ t(,,mp_wature variations in the t)lane of the sky. Section 7 t)rovides a discussion

;tll(_ C(.)IIC]llSiOIIS.
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2. HST OBSERVATIONS AND DATA REDUCTION

The observations of NGC 7009 described here were taken as part of our HST Cycle 8

t)rogram GO-8114. For both tile WFPC2 and STIS visits, we set our positions with respect

to the l)osition of the central star (CS): ce, 5 = 21h04m102.81,-11°21'47':91) (e(iuinox J2000).

2.1. WFPC2 Observations

We observed with WFPC2 on 2000 April 6 7 (UT) as tile first visil of tlle GO-8114

program. ()bservations (with corresponding line of interest) of NGC 7009 were made in line

filters V437N ([() III] 4364 £), Fd87N (Hfi 4863 .3i), FS02N ([O III] 5008 A), and F(i56N

(H_t 6565 _), plus continuum filter F547M. All wavelengths in this paper are vacuum rest

wavelengths. The images were placed in tile WF3 chip (with the CS at, WF3-FIX). Tile t)ixel

size is 0.0996". In order to (:lean cosmic rays, two images were taken in each filter except for

three, images in F437N. Total integration times were respectively: 2200, 520, 320, 400, and

240 s.

The data sets we t)rocessed (also for' STIS) were those obtained after sufficient time

elapsed fl'om the observation dates in order that "best reference files" wouhl be stable/finalized.

We requested ()nq,he-Fly Calibration for science files and Best R.eference Files. We then ('o-

added and costal(: ray cleaned images using standard packages in IRAt:. m Flux calibration

for each filter was done by basically following the procedures used for" the WFPC2 Exposure

Time Calculator. These account for tile integration time, analog-to-digital converter gain of

7 (used for" F,137N and F487N) or 14 electrons/DN (used for FS02N, F547M, and F656N),

and the total system throughput.

rI'he calculations fi)r the contril)utions to the narrow-band filter observations (if the

(:ontinuurn and other lines will be discussed later (§3) after the STIS observations section.

2.2. STIS Observations

()n 2000 August 9 (UT), STIS long-slit st)ectra of NGC 7009 were taken. These data

corot)rise 3 orbits and were taken at position angle (PAl = 86.72 °. Our original plan was to

align tile slit. with the major axis of NGC 7009, which is at PA = 78.5 °. However, we were

advise,(! by STScl that there were no guide star pairs for our planned visits. \_ settled on

mIRAF is distributed hy N()A(), which is op(;ratcd by AURA, under (:oopcrativ(! agreemenl with NSV.
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the revisedPA,a changeof only8.22°, asthis wastile closestto the majoraxis that allowed
for a pair of guidestars. Weuseda slit.width of 0.5" anda slit. lengthof 52" for theseCCD
observations.

Becausethecentralstar (CS)in NGC7009isreasonablybright (V = 12.78,B = 12.66),
it;wouldhavecallsetlproblen_s(bleeding, saturation, etc.), especially on long exposures, if

it were in our science slit. On the other hand, tile CS provides an excellent fiducial point in

tile nebula, where we may assess tile positional registration of emission lines in out' various

exposures with NTIS. Thus, we observed with the CS off the upper edge of our 52"x0.5"

slit by 0.1". In other words, out' slit is defined with the CS moved 0.35" (0.25 + 0.1) in the

dispersion direction (,-_NNW). Furthermore the slit was not centred on the CS in the spatial

direction. Because the structure on the west-side of the nebula was of more interest to us, we

displaced the slit cemre 3.5" fl'om the CS in tile spatial direction (_W along PA = 86.72°).

Spectra were taken with gratings G430M (with wavelength settings: 3680, 4194, 4451, 4706,

4961) and G750M (settings: 5734, 6581). Each exposure was done in accumulation mode

and at least, two spectra were taken at each setting in order to cosmic-ray (CR) cleat,. After

retrieving tile data sets, we then (:o-added and cosmic ray cleaned images using standard

packages in IRAt '_. Calibrations to produce 2-dimensional (2I)) rectified images were then

carried out. Frorlt these, we singled out specific emission lines for further investigation.

Data for the [() llI] 4364 A line as well as H7 4342 A were contained in the Gd30M/4451

grating setting (150s); for the [() III] 5008, 4960 ._ lines and H_/_+4863 A lines, G430M/4961

was used (80s); for He_ 6565 X and the [N II] 6550, 6585 X lines, G750M/6581 was used

(90s). For G430M, the dispersion is 0.28 +_ pet' pixel for a point source and the plate scale

0.05 arcsec/pixel (l_eitherer et aI. 2001, Chapter 13). For a uniformly filled slit with width

0.5", a degradatior, in resolving power by a factor of 10 is expected to a spectral rc_olution

of 2.8 it For G750M, the dispersion is 0.56 _ per pixel for a point source am1 the plat, e scale

0.05 arcsec/pixel. For a uniformly filled slit with width 0.5", the spectral resolution wouhl be

5.6 A. For the analysis presented here, we were interested mainly in the distribution of line

flux along the slit spatial direction. This was accomplished with the IR.AF routine blkav9 in

ctmjunctiott with specialized software tools that we developed ourselves.

Eve[i after applying the standard CR rejection there still remain many bad pixels due

to CILs an<l/or hot pixels. There ii considerable danger that including these can corrupt the

llux values we seek. The program developed to eliminate these remaining bad pixels is called

PIXHUNTER,, which is described briefly in Appendix A. Once the columns containing the

line have been cleaned for deviant pixels, we are ready to subtract an equivalent spectral

l'allge (if COlltitlllllIll. _ge, do this by using IRAF functions, including blkav!], to operate uI)On

the approprial,e se(:ti(ms of cleaned continuum. The I-D distrit)ution of line flux vs. spatial
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coordinatefor the variousemissionlinesof interest is what weneedfor our subsequent
physicalanalysis.

Wenote that thereis excellentagreementwith a crosscheckof the 1-D resultsof flux
vs.spatialdirectionbycomparingwith 1-Dresultsof flux vs.wavelengthfor acorresponding
spatialsample.The latter weremeasuredwith the splotpackage.With this, the underlying
continuumis fitted and the integratedline flux determinedwith the c-option (area under

the line profile), which was preferable to fitting with a Gaussian profile. Because of the

spectral impurity introduced by the relatively wide slit used, the line profiles have flatter

tops and less extended bases (i.e., they are more "trapezoidal") than the (laussian fits. It is

also apparent that the Gaussian fit is overestimating the line flux.

Both the [() IIl] 5008 and 4960 ±*klines were observed simultaneously with the G430M/4961

grating setting. We desired to accurately measure the ratio of these line fluxes to compare

with the most recent calculation for the theoretical intensity ratio 2.98,'1 (Storey & Zeipt)en

2000). Because both trat,sitions arise from the same upper level, the int, rinsic tlux ratio

depends only on the transition probabilities (A-values) and wavelengths. What we found

was a surprising variation in the F(5008)/F(4960) ratio with position along the slit. This

atllounl,s tO a variation in the ratio of roughly 3.0-t-0.1. Furthermore, it aptmars more-or-less

periodic with an .-_3.5" cycle.

According to qL'd Gull (private communication), this is an instrumental effect and is a

ratio of two fringe patterns. The source of the problem is a thin bh)cker tilter that had to

be matched with each grating and the best (and only) location that it could be placed was

above the grating in a stable mounting. There is some discussion of flinging at the STIS

wel) site (httl)://wwwstsciedu/instruments/stis/perf°rnm"(:e'/an°malies). More speeitie in-

formation appears in chapter 7 of the STIS Instrument Handbook (beitherer et al. 2001)

under a section called "Fringing due to the Order Sort, er Filters". See

(www .stsci.e.du/iust ruments/stis/documents/handbooks/cycle 11/c07_per formance2.ht ml# 326,137).

This distin('t fringing pattern also appears in similar STIS data of the Orion Nebula obtained

under 1)roglam G()-7514 (Pl RH).

To attempt, to do anything about flinging would probably require a dedicated HST/STIS

calibration program. We do not treat this further here. There is no apparent evidence

of fringing in tim F(5008)/F(4364) ratio. As will be seen, the results for the temperature

analyses are in good accord between the two datasets using STIS and WFP(?2, which provides

some support that any fringing in the STIS data is not affecting our conclusions. Because

of the fl'inge pattern, we measm'ed the fluxes F(5008) and F(4960) over an integer number

of fringing cycles and then calculated the F(5008)/F(4960) ratio. The overall value of 3.008

is irk good agr(!enlerH: with the theoretical prediction, given thai extit,:ti_m will raise slig;htly
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theobservedratio abovethe intrinsicone(see§4).

3. EXTRACTION of EMISSION LINE FLUXES from WFPC2 DATA

One of the most important operationsinvolvedpartitioning the contributions to the
F437Nemission.Weconsidertheseas dueto [O III] 4364,H'y, aml continuumemission.
(At,examinationof ourSTISspectrashowsnootheremissionlineswill contributesignificant
flux.) [t is necessat'y to take into account the total system throughput for the F437N filter

(t]iretta et 31. 2001). A finer scale digital version of the total system throught)ut for this

or ally WFPC2 tilter can also t)e produced using the task calcbartd. We used a digital

form to obtain the throughputs for both the [O III] 4364 and H_' lines accom,ting for" the

Doppler correction for the actual velocity of NGC 7009 at the time of observation. This was

-20.71 km s -z after accounting for" the heliocentric velocity of 7009, which is -46.(i km s -I

(Schneider 1983). While still a net bhze shift (-0.3 -_), this does result in a slightly higher

H 7 leakage due I.o near maximum red shift of Earth's motion at, the time of observation.

The relative transmission at the Doppler corrected wavelengths for H'yr to 4364 was 0.0253.

Be('ause the transmission of Fd37N for the H 7 line is nmch less than R)r the 43(i4 line, this

is termed H'y' "leakage".

In order to assess the contzilmtioI, of 4364 and H 7 leakage t,o our V437N data, we did a

careflnI spatial registration/coml)arison of the highest signal-to-noise (S/N) portions of our

STIS brag-slit data with corresponding WFPC2 filters. Two areas were chosen that we call

E1 and WW thal. were regions of higher S/N and avoided the CS as well as the fiducial bars.

The.y span fi'om 1.05" to 7.60" east and Dora 0.75" to 8.10" west of the CS, respectively,

along our 0.5"-wide STIS slit,. The registration is very close with the E1 area from STIS

3.275 and fl'om WIq>C2 3.2737 arcsec 2. For WW, areas are respectively, 3.(175 and 3.(J705

a l'(:sec 2"

Initially, we also tried to determine tile contimlum contribution to V437N fl'om the

spatial registration of our STIS data with the corresponding WFPC2 tilters. All our eftorts

rcsull.ed in conlitmum fluxes that were unreliable and generally too large for what could

t_ossibly tit for the \VFPC2 observations. While it is not clear why the lhtx levels mtderlying

the emission lines (not just 43(i4 but also Hcf, H/7, and ,5008) were invariably too high, tile

integrat, ion times wiOl STIS were insufficient to provide adequate signal-to-noise to measure

these contimmm fluxes.

13ecause I.h(r d(mfinant coutribution to the nebular contirmum for NGC 7009 is reeombi-

natiorl processes, we esl.imate the contimnnm contribution to each of the WFPC2 filters from
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recombination theory. These were provided independently by two of us (.]PH and G.IF) fl'()m

theoretical continuum models, with similar results. For these, we assumed T_ = 10,000 K,

N(He)/N(H) = 0.11, and ionic fi'actions: N(He+)/N(He) = 0.88 and N(He++)/N(He) =

0.12, which are essentially the NGC 7009 values in Kingsburgh & Barlow (1994). The scaled

values adot)ted for tile continuum emission relative to the H[3 line emission (all intrinsic) are

6.91E-4, (i.53E-4, 6.45E-4, and 5.65E-4 _{-1 for F437N, F487N, F502N, and F656N, respec-

tively. To obtain tile total continuum contribution in the respective tilters, one multiplies

by the alq)ropriate "rectwidth" (RECTW) 31.994, 33.8, 35.562, and 29.89 ..'kobtained using

the task bandpa'r. 11

This provides directly the predicted continuum correction for V487N of 0.02207 I(H/;¢),

where l(Hfl) is the intrinsic flux. Because both line and continuum are equally afl)cted by

extinction, we may also work with the observed fluxes without regard to extinction correction

here. To predict the continuum correction for F656N and F437N, we scale the H/_ result to

the H(t and H? lines using recombination theory (Storey & Hummer 1995) assuming 7_, =

10,000 K and N_ = 10,000 cm -:_, Case B: I(Ho_)/I(HfJ) = 2.85 and I(Hg)/I(Hs') = 2.13.

This results in predicted contimmm corrections for F656N of 0.005926 I(H_) and for F437N

of 0.0,1709 I(H'7). The continuum relative to 4364 is obtained by multiplying the ratio ¢)f

STIS observed fluxes of H3'/4364 by tile contimmm/H3 wtlue of 0.04709. The differential

extinction fl'om 436,1 to ,1342 :_ is negligible for 7009.

The continuum correction for F502N relative to [O IIl] 5008 is obtained by multiplying

the ratio of STIS observed fluxes of Hfl/5008 by the eontinuum/Hfl value of 0.02294. Because

the 5008 line is the strongest of the set, the continuum correction is extremely small; hence,

it is safe to neglect the very small differential extinction fi'om 4863 to 5008 A.

While the above discussion is appropriate for correcting fi_r tile contimlum in tile specitic

WFPC2 filters, if comparison is made between individual filters, then at, extinction correction

would need to be considered (see §4).

()ur original observing plan had been to use the WFPC2/F547M data 1cJhelp determine

the continuum emission. This does not appear to be a reliable method as found from a

detailed comparison of our STIS and WFPC2 data. For instance, let us consider area El.

The observed F547M flux is 1.128x10 -t2 erg cm -u s -l. Using the contimmm predictions of

the theoretical model memi(med earlier for the mean wavelength 5468 A of this filter, the

contimmm emission at 5468 L_ relative to tile Hfl line emission is 6.25E-d A -1 . To obtain l he

l JNote that RECTW is nol___,the "effective width of the bandpass" tat)ulated in Table 6.1 and also shown

as dashed re(:tangles in th(' Passband Plots of Filter Throughput (Apl)endix 1) of t,he \VFPC2 Instrument

Handbook (Biretta et al. 2001).



total com,imnuncontributionin this filter, wemultiply by the RECTW = 638.58__andthen
multiply bytheobservedSTISHfl flux of 1.507x10-12ergcm -2 s -l to arrive at 6.014× 10 -13

erg cm -'_ s -1. This is only 53% of the observed F547M fux. In the above assessment, we

have neglected the small differential extinction. Presumably tile other ,'-_47% is due to line

emission. Tile zero-intensity width of the F547M filter extends from _5()00-6000 _,.

In addition 1,o accounting for the continuum in each WFPC2 filter and the H7 leakage

in F437N, it, is also necessary to account for the contribution of [NII] 6585.23 arrd 6549.86 :__

emission into F656N. This is done by measuring the fluxes of these lines, as well as that

of Hcf, in the areas E1 and WW. Tire method follows fl'om that used for the H7 leakage

in F437N. The I)oppler corrected wavelengths for the three lines are determined and the

relative throughtmts applied for the F656N filter. These are 0.03645 and 0.4552 for the 6585

and 6550 :_, lines respectively relative to H¢t. Note that although the 6585 flux will always

be larger than that of 6550, the latter contributes more to the observed F656N tlux.

Table 1 shows the details of the comparison with the STIS overlay for E1 and WW

for each of the \¥FP(_2 narrow-band filters. Column 2 has the ratios of the observed line

flux with STIS to the corresponding narrow band filter" flux with WFPC2. Cohrmn 3 shows

the tlux ratio Contm./emission line, derived from recombination theory and the WFPC2

lilter profile. Columns 4 and 5 provide the observed line flux ratio derived from STIS data as

modified l)assi_lg through the pertinent WFPC2 filter profile. Column (3 [hen shows tire Total

(of the previous columns 2 up to 5) for the STIS flux (including tile theoretical contimlum)

divided by the F,'137N flux. The results for both areas are in close agreement; tt,us we use the

combined area E1 + WW, which we (:all SUM, for our actual calibration to obtain observed

line fluxes from the WFPC2 data. In the case of F437N and F502N, the total of the STIS

emission plus inferred continuum exceeds the WFPC2 flux l)y a factor of 1.(189 and 1.043

respectively, while for F487N and F656N, the total STIS emission plus contimmm is less

than the WFPC2 flux by factors of 1.032 and 1.037 respectively. From the SUM entry line

for F437N in Table 1, we see that the relative strengths of the components comprising Fd37N

are roughly in the proportions 0.71 : 0.19 : 0.10 for the 4364 line : continuum : H7 leakage.

We use the. results for the SUM area to define our best relationships for determining

the necessary emission line fluxes from the WFPC2 data. Because l,he Ie437N corrections

for the continuum and H? leakage are tied to a measurement of a Bahner line flux, we use

Hf] from the F487N image to measure its flux. Thus we arrive at equations (1) (4).

F(Ha) = 0.953l F656N , (1)

F(Hfl) = 0.9482 F487N , (2)
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F(5{}08) = 1.041 F502N ,

F(4364) = 1.089 F437N - 0.03218 10 -u124 {:(UO)F487N.

(3)

(4)

Equation (4) requires further description. Both tile H 7 leakage and continuum corrections

relative to H7 are known for the specific STIS-calibrated areas above. However, when we

deal with other parts of tile nebula observed with WFPC2 but not by the STIS slit, there

is no direct way of knowing the observed H-y flux. Theref{}re, we make these corrections in

terms {}f the, observe{l H/3 flux, which may be assessed via the F487N data. Again, we use

the theoretical ttux ratio H/3/H7 = 2.13 but must correct for differential extinction between

the two lines. In the presence of extinction, the observed H7 line will be weaker relalive

to the observed Hp line (than the theoretical ratio). Therefore, tile contribution to Fd37N

will be less and thus tile correction term should be less. The extinction is measured 1)y the

parameter c(H/J), which is tile logarithmic extinction correction at Hfi, {lis{:ussed in the next

section. The constant 0.03218 in equation (4) was deternfine{l by requiring l}erfect agreement

amongst all the pertinent {}t}served fluxes for area SUM.

4. EXTINCTION and REDDENING CORRECTION

13eft}re deriving the 72, distribution fl'om either the STIS {}r WFPC2 data, we first {:orrect

for extinction. This is calculate(l by comparing the observ{.'d F(H_)/F(H/3) ratio with lhe

the{}retical ratio I(H{,)/I(Hfl). Again, we use a value of 2.85 assuming 72, = 10,000 K and

_5%= 10,000 cm -a, Case B (Storey & Hummer 1995). Tit(; extinction (:orrection is done in

terms (}f c(H/3), given t).y the relationship

Iog[F(A)/F(H/3)] = log[l(A)/l(H/3)] - f(A) c(H/3), (5)

wher(,, .f(k) is the extinction curve. For the 4364, 4863, 5008, and 6565 A lines, the resl)ective

values for ./'(k) are 0.124, 0, -0.03,1, and -0.323 (Seaton 1979). This leads to,

c(H/3) = 3.096 log[t:(Hc_)ll:(H/3)]- 1A08. (6)

The correction for extinction/reddening fI'Olll observed to intrinsic tlux for t.he 4364 and

5008 lines is then given by,

I(4364) = 1:(4364)l0 I'124 c(-fl) ; 1(5008) = F(5008) 10°'gaa ':(":#) (7)

Not, e l,ha¢ {,It{,'liter, oF these was used I;{}derive equation (4).

f:or the STIS data, we binned the pixels along the slil into tiles _hal are 0.5" square

(nmlching the slit. width). The CS and STIS fiducial bars are excluded. This produced
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c(Hfl) resultsfor 45tiles, whicharethesamesetusedlater for the7; analysis.Tile statistics
without regardto ally weightingfor brightnessare: the averagec(Hf3) is 0.1032; the median

is 0.1038; and the values range fiom 0.0239 to 0.1592. Tile median and average are small

and close to previous spectroscopic values, e.g., 0.12 (Barker 1983 and references therein).

For the WFPC2 data, we work with the individual pixels. There were a few negative

c(Hfi) vahms, which are replaced with a value of zero. There also were spuriously high c(Hf3)

values inferred in the FLIERS (Fast Low Ionization Emission Regions), particularly on the

west. side. The reason for this is that the [N II] 6550, 6585 ;_ lines are very much stronger in

the FLIERS. This can be seen fiom tile paper by Balick et al. (1998) in their colour image

(fig. 1) arid emission-line protiles (fig. 3). Tile leakage by tilt; 6550, 6585 ]_ lines into F656N

enormously exceeds the "calil)ration" shown in Table 1. The application of equation (1)

ow;restimates F(Hc_) it, the FLIERS, resulting ii, a spuriously high F(H¢_)/F(H/3) and thus

c(H/3), reaching as high as 0.45(3. With the guidance of the ST1S slit overlay, we chose to cap

the c(Hfl) value in the vicinity of the FLIERS at a value of 0.t4. This value is not crucial

and could t,ave been set, between 0 -0.2 because extinction is low for NGC 7009. As will be

seen it, the next section, it matters little for the subsequent temperature analysis.

5. ELECTRON TEMPERATURE DETERMINATION

The electron t,emperature 7; is derived from the intrinsic ratio I(5008)/1(43(34) using

the following relation,

7; = 32,966/[ln(I(5008)/I(4364)) - 1.7011 (8)

Etfective collision strengths are fl'om Burke, Lennon, & Seaton (1989) for T_ = 10 4 K.

Transition probabilities (A-values) are fl'om Froese Fischer & Saha (1985). Note that this

hol(ls in the low-N_, limit, which should be valid for NGC 7009 where N_ values are less than

the (:ritical densities (I%_r,t) for these lines. The lowest l%_t _-'6.4x105 c m-a for the 5008

line, which is well above i%_ values determined (e.g., Hyung & Aller 1995a,b).

For the STIS data, we continue with the analysis using the 45 tiles along the slit de-

scribed above. Equations (6)-(8) are applied to the four emission lines to derive T_. Figure 1

shows the distribution of T_ vs. tile nuinber, which increase fl'om _E to _W along the slit.

The dashed line represents a linear interpolation across the tiles that were deemed to have

unreliable measurements because of proximity to tile CS (25-27) and the east fiducial bar

(9 11). There apl)ears to be some symmetry with respect to tile CS. From a more or less

tlat 7_: _ 10,800 K over the centre tiles, there is a decrease to _ 9500 K and then a rise again

Io roughly 10,800 I'; in both the east ali(1 west with increasing distance flom the star. The
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situation is lessclearon tile eastside,partly becauseof the lackof dataat the eastfiducial
bar. In the next section,wewill evaluatethis distribution in termsof T¢¢variations.

A plot of the observed relative [O III] 5008 _ flux is also shown ill Figure 1. This curve

is displayed (unsmoothed) at the pixel level providing 0.05" spatial resolution along tile slit.

There are some noteworthy oscillations between _8--13" west of the CS. There appears to

be 4 cycles with a period between ,-_1 1.5" per cycle. These reach a factor of _2 brightness

contrast between adjacent local maxima and minima. The structure is very repeatable when

compared to the corresponding l'un of observed H(_ and Hfl tlux. Because lhese oscillations

do not appear to be correlated with tim T_ distribution and are not present in the flux ratios

of 5008 to the Balmer lines, they must be due to a column density (or j' _Qdl) modulation.

Such a pattern might result from episodic mass loss. We find very similar spatial behavior,

including this tantalizing oscillatory pattern, fl'om our WFPC2 F502N, Fd87N, and F(35(iN

data when we overlay the STIS slit. We note that this result from our 1-1) cut is insufficient

to establish a case for episodic mass loss.

Using the WFPC2 data, the path to 7_ is more uncertain than is the case with our

STIS measurements. However, tile WFPC2 data cover a much larger area of the nebula.

Equations (1) (4) and ((3) (8) are used to de,'ive 7_.. In Figure 2, we present the 7',, map

at a resolution of 0.1". The outer region with white and black speckles is omitted fl'om the

analysis. The S/N in Fd37N is generally too low out there to obtain reliable 7). inh)rmation.

Nevertheless, with a hint of the ansae, this area helps visually identi(v the major axis. We

note that by t)imling the data in the outlying areas, the S/N may be improved. For the

t)urposes of this paper, we restrict the analyses to the interior main body of the nebula with

the highest S/N, where there is sufficient area to address temperature fluctuations in this

nebula.

The higt, 7_: white region immediately surrounding tile CS is tile result of diflracted or

scattered stellar coI|tinuunl. Equation (4), which corrects for the contimmm in the F437N

filter, does not account for stellar continuum emission. Tile result is a spuriously high F (,i3(i4)

leading to the st)uriously high values for T_. Further out, the temperatures show the red and

yellow colour code. The pattern that looks like an "H"-shape region, or for tile imaginative,

the "batman symbol", appears to be point symmetric with respect to the CS. This region

is likely to be at, the elevated T_s indicated because of the agreement in this central region

with the STIS results shown in Figure 1. The full STIS long slit is shown superimposed

on Figure 2. The tiles along tile slit are entirely within the inner higher S/N region. The

distances from tile CS to the centres of tile two symmetrical blue "lakes" that the STIS slit

[)asses throug]! are roughly 6.(3". That distance corresponds to _13 tiles (n, Figure 1, where

the CS location is within tile 26. Thus the troughs irl the 7; structure in Figure, I near file
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13and39correspondwith tile blue lakes.Tile temperaturesalsostart to riseagainfllrther
out asshownby the greencolour. However,thereis not a prominentincreasein Te with

increasing distance flom tile CS to the Levels indicated flom the T_. distribution along tire

slit. in Figure 1. The sharp edges along the top and bottom of the inner elliptical bubble are

blue and yellow in contrast to their neighboring mostly green pixels. This is likely due to a

small image misregistration between the F437N and FS02N images. Tire offset can occur for

any number of reasons, including slightly different tilts of the filter's ill their holders. The

values for T_ along the affected edges are too low at the top and too high at the bottom.

The effect will lm to raise the derived t_ slightly where these pixels are included.

The determination ofT_ fi'om I(5008)/I(4364) is not sensitive to tile extir,ction correction

for NGC 7009 because extinction is small. We may demonstrate this with an example using

a c(Hfl) of 0.1, which is close to the average value. Let us also use a case that results in

a ret)resentative temperature 10,000 K. The observed F(5008)/F(4364) would be 153.543 to

result in I(5008)/I(436d) = 148.057, which results in T_. = 10,000 K by equation (8). If c(Hfl)

were respectively 0.0 or 0.2 instead with the same observed tlux ratio, the resulting 7; woukl

be 9891 and 10,112 K. Thus were we to carry out this analysis with a constant c(Hfl) = 0.1,

or no extinction correction at all, the results will be hardly altered.

6. FRACTIONAL MEAN-SQUARE TEMPERATURE VARIATIONS

()ur STIS and WFPC2 analysis above present results in the plane of the sky. The

observations he.re do not address temperature fluctuation along the line of sight, which may

be characterized in terlns of tile average temperature T0 and fractional mean-square 7_

variation (t _) as defined by Peimbert (1967).

To = f 7; _\r N dV (9)
.f '

where N is the ion density N(O++). The integration in equations (9) and (10) is over tile

column defined l_y each pixel (or tile for the STIS analysis), and along the line-of-sight (los).

We are unable to measure the t 2 along tim los for ally cohmm (cross section 1 pixel or tile).

If tt_ere are t2 along the los, we carl say that T(4364/5008) > 7b (e.g., Peimbert 1967; Rubin

et al. 1998).

For each pixel/tile, we have calculated 7'(4364/5008). Then tile intrinsic flux I(5008),

fully correcting V(5008) for extinction (see equ. 7), in each pixel/tile is used in conjunction
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with 7_= T(4364/5008) fl)r that pixel/tile, and assumed constant along the lo,_, to derive

the following:

/ /I(5008) = K(5008) _,_N_ r-°Sexp(-x/kT¢)dl¢ = K(500S, re) N,,_dl (11)

Here X is tile excitation energy above tile ground state for tile upper level of tile 5008

transition, k is Boltzmam?s constant, K(5008) is known fl'om atomic data, and K(5008, T_)

has finally incorporated the known T¢ factor with the atomic constants. Here we again make

the safe assumption of the low-Ne limit (negligible collisional deexcitation) discussed earlier.

Let us now define analogous terms to represent the average 7; (7_},.a) and fractional

mean-square 7_: variation (t"A) in the plane of th,c sky.

TO,A = 'f j" T_ _ N, dl dA (12)
.r .l _ N, dl dA '

70:) 5,_ N_ dl dA f .] T'_2 N_ 5:_ dl dA
T2 = 7'_ . - ] (13)

where dA represents an element of surface area in the plane of the sky and the integral, ion

over dl is for each pixel/tile along the los.

6.1. WFPC2 Analysis

For this t)art, the image in Figure 2 was flnther rotated to have the NGC 7009 major axis

align with the x-axis. We obtained fi'om this an array of imrinsic fluxes I(4364) and I(5008)

for input to our own analysis code. For each of the above set of pixel-by-pixel solutions, we

have the I() III] 7_ (that assumed no T_ variations alot_g the los). A circ_zlar region (ra(litts

of 10 t)ixels = 1") surrounding the CS is excluded from further calculations. Additionally,

we exclude pixels near the l)eriphery, where the S/N for the 4364 3, line is poor.

Calculations for 7]j,A and l:_ were performed using various distances fiom the CS (R,,,,_).

This was done sew'ral wws: assuming concentric circular shapes and concentric elliptical

shapes, which is perhaps more realistic for this source. The bottom-line results are virtually

unchanged between these (lifferent methods. In Figures 3 & 4, we present our results for

7_),A and l_ for an elliptica{ shape with an axial ratio of minor/major = 0.808, matching

our 7;: mat) (Figure 2). The abscissa R,out_r = X/aout_r b,ut_, where ao,,t_._ and b,,,,t,_, are the

semi-major and s(',mi-minor axes. Out I,o the most (listanl elliptical COIltour llse(l in our
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analysis(ao,a_.T= 1,1.5",bo,_t_r= 11.7", R,out_r = 13.0"), there are 52,995 good pixels with all

[() III] T_. values between 553l 16,382 K.

The dashed lines pertain to values for T0,A and t_ for the entire area interior to the

ellipse with aout_._, b,,_t_ and is plotted at the single distance R.o,,t_ (again excluding the CS)

and represent cumulative results. The solid lines pertain to T0,A and t_ in the annular area

between two adjacent ellipses separated by 5 pixels (0.5 arcsec) along the major-

axis. This is plot led as a single point at a distance Rcentroid = V/0.5 (aouter bouter + a*nner b_nner) •

There is nearly a monotonic decline in To,n with increasing distance (as characterized

for tile ellipses) from tile CS. TILe results indicate very small values < 0.012 - for t_

throughout. The overall Zo,A = 9912 K, t_ = 0.00360 for tile 52,995 good pixels within the

most distant ellil)ti(:al contour used (excluding CS region). There is a steel) climb in t:_ in

l he outer ellipti('al annuli (solid line in Fig. 4), although this may I)c due to noisier data at

larger distalmes from the CS.

6.2. STIS Analysis

Our STIS data allow an even more direct determination of T_ and hence of 7}),A, l_l,

all)eit for a mu(:h smaller area than with WFPC2. The average [() III] temperature To,A

using 45 tiles (ex(:lu(iing the CS and fidueial bar) is 10,139 K; t_ is 0.00350. The median

value (without regard 1o t)roper weighting) is 10,295 K. All 4 emission lines peak in tile 37,

with tile 38 a ('los( _, runner-up. This is where our slit crosses the "ridge" near the blue-

green (He II 4687 [() IlI] 5008) boundary in the 3-colour image (Balick el, al. 1998) at

roughly 5-6" from tile CS. These tiles have relatively low [O Ill] 7; of 9823 and 9755 K

respectively (see Figure 1). No doubt, the enhancement in line emission here is due to a

greater (:olumn density (and/or higher density) and not temperature. As determined fl'om

the (_xtinction-(-orre(:ted 5008 surface brightness (equation 11), these tiles have tile highest

(N,: N_ dl) weighting in equations (12) and (13).

We not.e tl,at the single t)ixel (out of 52,995) with the highest 5008 surfa(:e brightness

also has the highest (_ N_ dl)-weighting, (T_ _%_N_ dl) weighting, and (7'_: N_ _N_ ell)

weighting in the WFI)C2 analysis. This pixel is located with resl)ect to the CS 5.9" along

the west major axis and 4.7" orthogonally below and is associated with tile "ridge" near the

blue green boundary of the Balick et al. (1998) picture.
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7. DISCUSSION AND CONCLUSIONS

Wedeterminedthe electrontemperaturefl'omtile flux ratioof [OIlI] (4364/5008)using
both STIS and WFPC2observationsof NGC 7009.The resultingT,: values flom both the

WFPC2 map and the distribution along tile STIS slit do not vary much, with almost all

values between 9000 11,000 K. The higher T_ values arc closer to the central star al,d

appear fl'om WFPC2 images to coiImide with the inner He++-zone. Tile temperature is

higher in the He++-zone because heating is stronger due to radiation beyond 54.4 eV, whih',

tile cooling is less efficient as ()++ gives way to O +a. Models show that some O ++ remains

inside tile He ++ zone, so the higher temperature there will be reflected in T(4364/5008)

see, for example, figs. 11 and 14 of Harrington et al. (1982).

The observations here do not address T_ fluctuation along tile line of sight. We assume

for each square cohmm (projection of 1 pixel for the WFPC2 data and 1 tile for tile STIS

data on tile plane-of-the-sky) that tile plasma along the line of sight is isothermal at the

T(43(i4/5008). The analysis of both data sets for tile average '/'_ and fraclional mean-square

72 varialions in the plane-of-the-sky, which we call 7]},A and t_, gave consistent results. For

the WFPC2 analysis, tile preferred method used concentric elliptical (:onl.ours to conform

to the natural elliptical shat)e of the nebula. For 7b,A, the STIS average was 10,139 K,

while the WFPC2 overall average to tile outermost elliptical contour considered was 9912 K.

Interior to the cotltours closer l,o the central star, TO,A is higher as (lepit:ted in Figure 3. As

described, in all the statistical analyses, a region around the CS is excluded. For/)oth STIS

and \_1 1 (,2, t_ is found to 1)e very small, < 0.012 everywhere. Using S_I IS, we obtained

0.0035, which is ch)se to the WFPC2 overall value of 0.0036 within the mosl distant elliptical

coutour used.

Because the continuum correction for the F437N data is a major source of uncertainty in

the t)rocess of deriving T_ flom tile WFPC2 observations, we attempted t() assess this using

another approach, Instead of estimating the continuum correction theoretically for F437N,

we _mSUlne that STIS and WFPC2 are perfectly calibrated. By this we mean that tile _I2)l,al

STIS emission/F437N in Table 1 should be unity (instead of 1,089). We, then assume that

the continuunl emission contribution to the common WFPC2/STIS area SUM (see §3 and

Tal)le 1) be the remaining ainount after accounting for tile STIS 43(34 and H7 emission

as they would be obserw;d passing through tile F437N/telescope system. This reduces the

Contm./4364 value for SUM in Table 1 to 0.1525 and alters the proportions that would

corot)rise tile F437N emission to be 0.77 : 0.12 : 0.11 for tile 4364 line : continuum : H'?

leakage. This treatment results in a modification of equation (4) with the factor 1.089

becoming 1.0 and t,he fa(:tor 0.03218 becoming 0.02316.

We (:arried out the, subsequent analysis wilh just this change to equation (,'1). The
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resultswerethat the highest7_valueswereloweredseveralhundreddegreeswhilethe lowest
rFe values were raised several hundred degrees. Consequently, the effect was to decrease t_

values somewhat. Repeating the elliptical annuli analysis, we found the WFPC2 overall

value of 0.00303 (de.creased flom 0.00360) within the most distant elliptical contour used.

For the individual annuli, t_ < 0.01 everywhere. For _0,:_, the WFPC2 overall average

to l.he outermost elliptical contour considered increased slightly to 9940 K (from 9912 K).

Essentally, there were only mi,or changes to tire curves depicted in Figures 3 and 4. We are

lead from the above (:omputations to conclude that our results arc rot)ust and not sensitive

in the situation (:onsidered here to the correction for continuum emission in the F437N data.

Fluctuations in T_. along the los are inevitable. We can make some comments about

how our results ruight be adjusted by T_ variations along the los. The relationship t)ctween

T(d3(i4/50()8) and To is

T{43(i4/5008) = To [1 + 0.5(91,200/T0 - 3)t _] , (14)

(e..g., Pcimbert 19(i7; Rubin 1969). For a given column, let; us take a rel)rescntative

T(43(i4/5008) of 10,100 K, which is close to the average 7_,A for" the ST1S analysis. If

T[, were 9000 K, then t_ = 0.03d3 along that Los in the column; if To were 8000 K, then t_ =

0.0625. If we assume that generally a give.n los column will be characterized by To = 9000 K,

1100 K h)wer than T(4364/5008), then according to equation (13), one. would ext)ect t,_ to
_2

I)e a factor of 1.2(i larger. This is due to a siml)le temperature scaling by a factor of 7o,:/T(_.

()ur conclusion will slil] remain that t_l is very small as measm'ed by the HST data here.

We (1o not have the data here to characterize T_ variations in 3-dimensions. One way

l,hat this may be realized is to consider the following case. If every single pixel/tile Ios-

(:ohmm were to have T(4364/5008) = 10,100 K, To = 9000 K, arr(l t 2 = 0.03,13, the analysis

for variations in the plane-of-the-sky that we present here will result in T(_.A -----10,100 K and

t 2 = 0. However, the overall true 3-dimensional T0 = 9000 K and t2 = o.0a4a.
_A

[rrest)ective o[ the above (:onl;rived case, we draw the following conclusion. Although

we havc measure([ /_ in 2-(limensions and not yet t _ in 3-dimensions, our results indicate

that temperature tlu(:luatior,s alone are unlikely to explain for" NGC 7009 the factor of 0.,5

discrepancy (Liu et al. 1995) between heavy element abundances inferred from emission lines

that are ('ollisi(mally excited compared with those that are due to rec()mt)ination/cascading.

We arc gral.cflll to Mr. Aaron Svot)oda for creating the C ++ code PIXHUNTER and to

tim NASA Under_,ra(luatc Iqesearch Program (NASA-USRP), which made Iris 2001 summer

work al NASA/Ames possible.. RHIR acknowledges sut)port fi'om the Long-Term Space As-

l r()l)hysics (I:FSA) t)rogram, NASA/Ames Research Center (:ontra(:l_ NCC2-9018 with ()ri(m
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Enterprises,and thanksScott McNealyfor providinga Sunworkstation. Support for this
publicationprovidedby NASA throughProposalmmlberGO-8114.submittedto tile Space
q>lescopeScienceInstitute, whichisoperatedbytile Associationof Universitiesfor Research
in Astronomy,Incorporated,underNASA contractNAS5-26555.

A. Description of PIXHUNTER

This wasa 20(11summerprojectof AaronSvobodaworkingat NASA/Ameswith RR.
Thereareseparateproceduresto identify and removethesepixelsfrom emissionlinesand
from the continuum. For the continuumregionsof interest,generallyadjacentto emission
linesto be measured,sectionsof tile rectitied2-D imageart identifiedthat are reasonably
fiat in flux in hoth the spatialanddispersiondirections.Sectionsarcnecessaryin order to
avoidthe CS aI,(l ST1Stiducial bars. PIXHUNTER worksby computingthe mean1)ixel
valueandstandarddeviationof a givensection.After computingthesevalues,it againgoes
through tile imageand OUtl)tltsto a file tile coordinatesof any pixel whoseflux value is
fllrther awayfl'omthe meanthan :i: a specifiedmultipleof tile standarddeviation(o); here
weustd 5 a. We linearly in(;trpolate tile good data to replace the bad pixel values.

Though the al)ove algorithm for finding the bad pixels works well for the continuum

se(:ti(ms, it; is incompatible with emission lines, because the tlux in an emission line can vary

substantially in both (,lie wavelength and spatial dimensions. For cleaning an emission line,

PIXHUNTER works interactively with splot. We plot and compare a single column (tixed

waveJength) in the line at a time with one of the fitting functions available with splot (e.g., a

Legendre polynomial). For each individual column in the lint, this fitting function represents

tht distribution of tlux with spatial position along tile slit. Following l.ht tit to the emission

lint distribution, splol, will tlag all pixels that deviate by more than a sptcitied multiple of a

from the functional fit. Various keys/commands within splot permit flnthtr processing such

as imerpolatirig all of the tlagge(1 l)ixels in a column to the function. When the resulting

image is satisfactorily repaired, it can be saved back into tilt original 2-1) rectified image.

Ea(:h column can be treated in this fashion by scrolling through interactively using existing

options/tools within apIot. There is another method for cleaning bad l)ixels in tile vicinity

of pronounced peaks in the spatial distribution. This involves taking tht ratio of a single

column in the line to the blkav!] of the entire line. Again, splot is used interactively, operating

on ea(:h such ratio, in a similar fashion to the first metho(l.
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